Introduction {#sec1}
============

In recent years, organic light-emitting diodes (OLEDs) have become a popular technique for display-related products such as smartphones and televisions because they are thinner, lighter, and more flexible than conventional LCD displays.^[@ref1]−[@ref4]^ For high device performance of OLEDs, researchers have endeavored to develop the organic materials with ideal photophysical and electrochemical properties. Specifically, phosphorescent and thermally activated delayed fluorescence (TADF) emitters have been considered as the most promising emitters for OLEDs because they can harvest both singlet and triplet excitons through intersystem crossing and reverse intersystem crossing, which allows the internal quantum efficiency of OLEDs to potentially achieve 100%.^[@ref5]−[@ref8]^ Because triplet excitons are prone to quench at high concentration through triplet--triplet annihilation, phosphorescent and TADF-based OLEDs usually apply a host--guest systems to optimize the performance of the device. An ideal host--guest system relies on the subtle balance of charge carrier transporting between the host and the guest molecules. Therefore, the development of host materials that could pair with highly efficient emitters in the host--guest system is critically needed.^[@ref9]−[@ref12]^

In past studies, carbazole-based molecules, e.g., 4,4′-bis(9-carbazolyl)-2,2′-biphenyl (CBP) and 1,3-bis(9-carbazolyl)benzene (mCP), are often used as the host materials for OLEDs with high external quantum efficiency (EQE) due to their high triplet energy levels. However, both molecular structures of CBP and mCP are constructed by benzene and an electron-donating moiety, i.e., carbazole, such that they are classified as unipolar molecules. This feature would lead to unbalanced charge-transporting in the emitting layer (EML) when CBP and mCP are applied as the host of OLEDs.^[@ref13]−[@ref15]^ As a result, the charge recombination zone of such devices is closer to the interface between EML and electron-transporting layer (ETL) or hole-transporting layer (HTL), leading to a narrower recombination zone and inferior performance at higher applied voltage and brightness of the device.^[@ref16],[@ref17]^ Compared with unipolar molecules, bipolar molecules have also been applied as the host materials for OLEDs due to their balanced hole- and electron-transporting capability that could be beneficial to improve the device performance.^[@ref18]−[@ref20]^ For example, Wang et al. reported that, when electron-withdrawing moieties such as pyridine, benzimidazole, and triazine were introduced to the molecular structure of CBP as the host materials of phosphorescent OLEDs using Ir(ppy)~3~ as the emitter, the EQEs of the devices were 17.1--18.9%, which were significantly higher than that of the CBP-based device (EQE = 13.8%).^[@ref21]^ On the other hand, Song et al. reported that electron-withdrawing \[1,2,4\]triazolo\[1,5-*a*\]pyridine can be integrated with carbazole to construct the host materials for phosphorescent and TADF OLEDs with high EQE.^[@ref22]^ These results demonstrated that carbazole-based bipolar molecules are potential ideal host materials for OLED applications.

Benzimidazole-based molecules, e.g., 2,2,2-(1,3,5-phenylene)-tris(1-phenyl-1*H*-benzimidazole) (TBPi), are well-known electron-transporting materials in OLED applications due to their high electron mobility. In past studies, benzimidazole has also been used to construct bipolar molecules that can serve as hole-transporting materials, emitters, and hosts for fluorescence or phosphorescence OLEDs with high performances.^[@ref2],[@ref23]^ However, research on benzimidazole-based molecules as the host materials for TADF OLEDs is still rare. To date, Zhao et al. published the only paper about benzimidazole-based molecules as the host materials for TADF OLEDs. In their study, the EQE reached 18.7% for the OLED that applied 9,9′-(2′-(1*H*-benzimidazol-1-yl)-\[1,1′-biphenyl\]-3,5-diyl)bis(9*H*-carbazole) (*o*-mCPBI) as the host and 4CzIPN as the green TADF emitter, demonstrating the feasibility of benzimidazole-based molecules as the host materials for TADF OLEDs.^[@ref24]^

In this work, we synthesized three carbazole/benzimidazole-based bipolar molecules, namely, *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz. In these molecules, carbazole was integrated with the benzimidazole moiety via the *ortho*-, *meta*-, and *para*-positions of phenyl linked to *N*-phenyl carbazole. All these molecules were readily obtained through three synthetic steps. Their thermal stability, photophysical, and electrochemical properties as well as the performance of OLED by using *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz as host materials were characterized. Because the energy level of triplet excited states was affected by the spatial overlap between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) for a bipolar molecule, it has been demonstrated that the triplet energy of host materials can be tuned through adjusting the twist angle between the donor and acceptor moieties of a bipolar molecule.^[@ref25],[@ref26]^ Therefore, we investigated how molecular geometries of the host materials affect their photophysical and electrochemical properties and corresponding device performance.

Results and Discussion {#sec2}
======================

Synthesis of *o-*CbzBiz, *m-*CbzBiz, and *p-*CbzBiz {#sec2.1}
---------------------------------------------------

[Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"} shows the synthetic routes for *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz. All three compounds were obtained in good yields (68--84%) by using 2-(4-bromophenyl)-1-phenyl-1*H*-benz\[*d*\]imidazole to react with the corresponding carbazole-containing boronic acid intermediates via palladium-catalyzed Suzuki coupling reactions. These carbazole-containing boronic acid intermediates were synthesized according to the previous literature.^[@ref16]^ All target compounds were soluble in common organic solvents such as toluene, dichloromethane, and chloroform, so they were characterized by ^1^H NMR spectroscopy, ^13^C NMR spectroscopy, and high-resolution mass spectrometry. It is worth noting that these compounds can be readily obtained through three synthetic steps in good yields, which is advantageous to host materials, which usually require larger amounts in OLED device fabrication.

![Synthetic Routes and Molecular Structures for *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz](ao0c00967_0006){#sch1}

Photophysical Properties {#sec2.2}
------------------------

The UV--vis absorption and photoluminescence (PL) spectra of *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The photophysical detail data are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. There are two main absorption peaks (λ~abs~) of these molecules. The peak located around 294 nm can be attributed to the localized π--π\* transitions of carbazole and benzimidazole moieties, while the peak located around 310 to 327 nm can be attributed to the delocalized π--π\* transitions of the whole molecule. By using the absorption onset values, the energy gaps of *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz were estimated to be 3.56, 3.54, and 3.37 eV. This result suggests that the effective conjugation length between the carbazole and the benzimidazole moieties of these molecules follows the order of *p*-CbzBiz \> *m*-CbzBiz \> *o*-CbzBiz. On the other hand, the main fluorescence emission peaks (λ~em~) of *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz are located in a similar region (380--400 nm), which can be attributed to the charge transfer characteristics of these molecules at their excited states. This weak charge transfer characteristic can be further identified by the solvatochromic effect exhibited by these molecules. That is, their emission maximum slightly shifted to a longer wavelength as the polarity of solvents increased, which follows the order of dichloromethane \> THF \> toluene ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00967/suppl_file/ao0c00967_si_001.pdf)). The photoluminescence quantum yields (PLQYs) of *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz are 36, 12, and 88%, respectively. Only *p*-CbzBiz exhibited strong fluorescence in the solution state. Moreover, the phosphorescence spectra of *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz were measured in toluene at 77 K. By taking the highest-energy vibronic transition of the phosphorescence spectra, the triplet energy gaps of *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz were estimated to be 2.66, 2.48, and 2.45 eV, respectively. Among them, the triplet energy gap of *o*-CbzBiz is larger than that of CBP, i.e., 2.58 eV.^[@ref27]^ The high triplet energy of these molecules can be attributed to the 9-carbazole moiety, which reduces the exchange energies of the molecules.^[@ref28]^ It also makes these molecules suitable for the host materials for OLEDs. On the other hand, the singlet--triplet energy gaps (Δ*E*~ST~) of *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz range from 0.90 to 1.06 eV, which is not favorable for the TADF phenomenon, and therefore, these molecules may not be applied as TADF emitters in OLEDs.

![UV--vis absorption, fluorescence, and phosphorescence spectra of *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz in toluene.](ao0c00967_0001){#fig1}

###### Optical Properties and Electrochemical Properties for *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz

      host     *T*~m~/*T*~g~/*T*~d~ \[^o^C\]   λ~abs~[a](#t1fn1){ref-type="table-fn"} \[nm\]   λ~em~[a](#t1fn1){ref-type="table-fn"} \[nm\]   λ~phos~[b](#t1fn2){ref-type="table-fn"} \[nm\]   PLQY \[%\]   HOMO/LUMO[c](#t1fn3){ref-type="table-fn"} \[eV\]   *E*~g~[d](#t1fn4){ref-type="table-fn"} \[eV\]   *E*~T~[e](#t1fn5){ref-type="table-fn"} \[eV\]
  ------------ ------------------------------- ----------------------------------------------- ---------------------------------------------- ------------------------------------------------ ------------ -------------------------------------------------- ----------------------------------------------- -----------------------------------------------
   *o-*CbzBiz  273/167/371                     294, 310                                        380                                            491                                              36           --5.73/--2.17                                      3.56                                            2.66
   *m*-CbzBiz  326/na/377                      293, 312                                        380                                            526                                              12           --5.74/--2.20                                      3.54                                            2.48
   *p*-CbzBiz  296/115/393                     294, 327                                        400                                            526                                              88           --5.73/--2.36                                      3.37                                            2.45

Measured in toluene at room temperature.

Measured in toluene at 77 K.

Determined by cyclic voltammetry and the onset of the absorption band.

The optical band gap, determined by the onset of the absorption band.

Calculated by the highest-energy vibronic transition of the phosphorescence spectra measured at 77 K.

Thermal Properties {#sec2.3}
------------------

The thermal properties of *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz were analyzed by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), and the data are collected in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. These molecules exhibited high thermal-decomposition temperature (*T*~d~, corresponding to 5% weight loss) ranging from 371 to 393 °C, which can be rationalized by the high structural rigidity of carbazole and benzimidazole moieties. In addition, the glass transition temperatures (*T*~g~) for *o*-CbzBiz and *p*-CbzBiz were observed at 167 and 115 °C, respectively. These values are much higher than that of CBP, i.e., 62 °C, and could be beneficial to the thermal stability and lifetime of OLED devices.

Electrochemical Properties {#sec2.4}
--------------------------

To investigate the energy levels of *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz, we measured their oxidation potentials by cyclic voltammetry (CV). These molecules exhibited one quasi-reversible redox wave at similar potential due to oxidation of carbazole ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00967/suppl_file/ao0c00967_si_001.pdf)). Combining the oxidative potentials with the energy gaps obtained by the onset values of absorption bands, the HOMO and LUMO energy levels of these molecules were calculated and are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The HOMO energy levels of these molecules are similar, i.e., −5.73 to −5.74 eV, which suggests the weak electronic interaction between the carbazole and benzimidazole moieties within the molecule. On the other hand, the LUMO energy levels of these molecules are in the order of *o*-CbzBiz (−2.17 eV), *m*-CbzBiz (−2.20 eV) \> *p*-CbzBiz (−2.36 eV), indicating that the molecular orbitals of benzimidazole are better stabilized by the neighboring biphenyl π-linker when carbazole is linked to its *para*-position rather than to its *meta*- and *ortho*-positions. Furthermore, the electrochemical stability of *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz was examined by measuring their cyclic voltammograms for four repeated cycles. The results in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00967/suppl_file/ao0c00967_si_001.pdf) revealed that the redox curves were almost identical in four repeated cycles, indicating electrochemical stability of the host materials.

Theoretical Calculation {#sec2.5}
-----------------------

Density functional theory (DFT) on the spatial distribution of molecular orbitals and molecular geometry on *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz was performed to obtain the insight of their photophysical and electrochemical properties ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). In terms of their distribution of molecular orbitals (MOs), the HOMOs of *o*-CbzBiz and *m*-CbzBiz are mainly located on the carbazole and its adjacent phenyl unit, while the HOMO of *p*-CbzBiz is located not only on the carbazole and its adjacent phenyl unit but also extended to the benzimidazole moiety. On the other hand, all the LUMOs of *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz are mainly located on the benzimidazole and its adjacent biphenyl unit. The separated HOMOs and LUMOs ensure the bipolar characteristics of these molecules. In addition, the HOMO and LUMO distributions of *p*-CbzBiz are more overlapped than those of *o*-CbzBiz and *m*-CbzBiz. It can be explained by the smaller dihedral angle (54.9°) between the plane of carbazole and the plane of its phenyl unit of *p*-CbzBiz than those of *o*-CbzBiz (67.1°) and *m*-CbzBiz (56.7°). It also explains why *p*-CbzBiz exhibited the most effective conjugation length among these molecules. Moreover, the large dihedral angles suggest the twisted structures of these molecules, which explains the weak electronic interaction between the carbazole and benzimidazole moieties found via their electrochemical properties.

![Molecular orbital distributions and molecular geometries of *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz.](ao0c00967_0002){#fig2}

Device Performance {#sec2.6}
------------------

In order to study the electroluminescence properties of the OLEDs by using *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz as host materials, we prepared three green phosphorescence OLEDs by employing a uniform device structure of ITO/HAT-CN (15 nm)/TAPC (30 nm)/Ir(ppy)~2~(acac) in hosts (10 wt %; 30 nm)/B3PyMPM (50 nm)/LiF (1 nm)/Al (100 nm) (device P, representing a phosphorescent emitter), and the energy level diagrams of the materials used in these devices are plotted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. In these devices, HAT-CN was used as the hole-injection layer (HIL), TAPC was used as the hole-transporting layer (HTL), Ir(ppy)~2~(acac) was used as the phosphorescence emitter, B3PyMPM was used as an electron-transporting layer (ETL), and LiF was used as an electron-injection layer (EIL). A reference device applying CBP as the host material is also fabricated. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the electroluminescence performances of these devices, while their characteristic data are summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The maximum external quantum efficiencies (η~ext~) for devices P1, P2, and P3 were 8.3 (η~c~ = 31.4 cd A^--1^ and η~p~ = 12.3 cd m^--2^), 19.3 (η~c~ = 73.5 cd A^--1^ and η~p~ = 59.8 cd m^--2^), and 21.8% (η~c~ = 83.3 cd A^--1^ and η~p~ = 74.8 cd m^--2^), respectively. Device P3 showed the best performance among these devices. This phenomenon can be explained by the proper alignment of energy levels when *p*-CbzBiz was applied in the device using TAPC as HTL and B3PyMPM as ETL. It could also be attributed to the high PLQY of the 10% Ir(ppy)~2~(acac)-doped *p*-CbzBiz film, i.e., 57.6%. The maximum η~ext~ for device P3 (21.8%) was comparable with that of the CBP-hosted device (22.1%). In addition, we also noted that device P3 exhibited lower efficiency roll-off than the CBP-hosted device ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c), suggesting that charge transporting was more balanced when *p*-CbzBiz was applied as the host. Furthermore, [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00967/suppl_file/ao0c00967_si_001.pdf) shows that the hole-transporting and electron-transporting mobility values of *p*-CbzBiz were 5.69 × 10^--8^ and 5.27 × 10^--7^ cm^2^ V^--1^·s^--1^, respectively, which further demonstrated the bipolar property of *p*-CbzBiz. In addition, the stability of *p*-CbzBiz as a host material was studied by examining the lifetime of the device. With an initial luminance of 1000 nits, we found that the luminance of the CBP-hosted device decayed more than 85% after 10 h, while that of device P3 decayed only 10% under the same conditions ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00967/suppl_file/ao0c00967_si_001.pdf)). Apparently, *p*-CbzBiz exhibited better stability than CBP as a host material in OLED devices.

![(a) Energy level diagram of green PhOLEDs; (b) energy level diagram of green TADF OLEDs.](ao0c00967_0003){#fig3}

![(a) Electroluminescence spectra; (b) current and power efficiency; (c) external quantum efficiency (EQE) versus luminance and (d) the current density--voltage--luminance (*J*--*V*--*L*), for PhOLEDs.](ao0c00967_0004){#fig4}

###### Electroluminescence Characteristics of Green OLEDs with *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz

                                                                 η~ext~ \[%\]                 
  ----- ------------ ----- ------------------ ------------------ -------------- ------ ------ --------------
   P1   *o*-CbzBiz   3.0   31.4, 7.2, 16.6    12.3, 5.6, 9.5     8.3            1.9    4.4    (0.30, 0.65)
   P2   *m*-CbzBiz   2.0   73.5, 72.6, 65.4   59.8, 57.0, 29.4   19.3           19.1   17.3   (0.30, 0.65)
   P3   *p*-CbzBiz   2.5   83.3, 83.3, 79.4   74.8, 74.8, 55.5   21.8           20.7   21.8   (0.30, 0.65)
   ref  CBP          2.5   79.7, 51.9, 79.7   55.6, 55.1, 55.6   22.1           13.8   21.5   (0.28, 0.65)
   F1   *o*-CbzBiz   2.5   52.9, 52.9, 45.7   41.6, 41.6, 28.7   16.7           16.7   13.9   (0.30, 0.59)
   F2   *m*-CbzBiz   3.0   41.7, 39.9, 41.6   27.9, 27.9, 21.7   13.2           12.9   12.8   (0.35, 0.57)
   F3   *p*-CbzBiz   2.0   22.9, 22.9, 20.7   18.0, 18.0, 11.8   6.7            6.7    6.0    (0.32, 0.59)

On the other hand, the TADF OLEDs using devices 4CzIPN as emitters (devices F, representing delayed fluorescence emitters) were also fabricated using the device structure of ITO/HAT-CN (15 nm)/TAPC (30 nm)/mCBP (5 nm)/4CzIPN in hosts (9 wt %; 25 nm)/3P-T2T (50 nm)/LiF (1 nm)/Al (100 nm). The electroluminescence performances of these devices are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The energy level diagrams of the materials used in these devices are plotted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, the emission peaks of the three devices are located from 520 to 536 nm, representing the effective energy transfer from the host to the TADF emitters, i.e., 4CzIPN. The η~ext~ values for devices F1, F2, and F3 were 16.7 (η~c~ = 52.9 cd A^--1^ and η~p~ = 41.6 cd m^--2^), 13.2 (η~c~ = 41.7 cd A^--1^ and η~p~ = 26.1 cd m^--2^), and 6.7% (η~c~ = 22.9 cd A^--1^ and η~p~ = 18.0 cd m^--2^), respectively. The triplet energy of 4CzIPN was reported to be 2.40 eV in a previous study.^[@ref29]^ Therefore, the highest η~ext~ of device F1 among these devices can be attributed to the highest triplet energy of *o*-CbzBiz among the hosts, i.e., 2.66 eV, which ensures the effective energy transfer from *o*-CbzBiz to 4CzIPN. In addition, the PLQY of the 9% 4CzIPN-doped *o*-CbzBiz film was 93.9%, which also explains the high performance of the *o*-CbzBiz-hosted device. The performance of device F1 is either slightly higher than or comparable to that of other devices using carbazole-based hosts reported in the previous literature,^[@ref16],[@ref30]−[@ref33]^ suggesting that the carbazole/benzimidazole-based hosts developed in this work are also promising hosts for TADF emitters.

![(a) Electroluminescence spectra; (b) current and power efficiency; (c) external quantum efficiency (EQE) versus luminance and (d) the current density--voltage--luminance (*J*--*V*--*L*), for TADF OLEDs.](ao0c00967_0005){#fig5}

Conclusions {#sec3}
===========

We synthesized three bipolar molecules, i.e., *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz, by using carbazole as the electron donor, biphenyl as the π-bridge, and benzimidazole as the electron acceptor. Compared to a well-known carbazole-based host material CBP, it was found that the thermal stability of the molecules was significantly enhanced by introducing the benzimidazole moiety to carbazole-based molecules. Theoretical calculations on the geometries of these molecules show that the dihedral angle between the carbazole donor and the biphenyl π-bridge is large, resulting in the weak electronic coupling between the carbazole and benzimidazole moieties within the molecules, and therefore, high triplet energies of these molecules were observed. This feature makes them suitable for the host materials in OLED devices. In terms of their electroluminescence properties, the highest performance of phosphorescent OLEDs with the *p*-CbzBiz as the host for Ir(ppy)~2~(acac) (η~ext~ = 21.8%, η~c~ = 83.3 cd A^--1^, and η~p~ = 74.8 cd m^--2^) was achieved, while the highest performance of TADF OLEDs was achieved when the *o*-CbzBiz was used as the host for 4CzIPN (η~ext~ = 16.7%, η~c~ = 52.9 cd A^--1^, and η~p~ = 41.6 cd m^--2^). These devices exhibited lower efficiency roll-off and comparable performance comparable to the CBP-hosted devices using the same emitters, suggesting that carbazole/benzimidazole-based bipolar molecules could be ideal hosts in the OLEDs with high efficiency for both phosphorescence and TADF emitters.

Experimental Section {#sec4}
====================

Materials and Methods {#sec4.1}
---------------------

All chemicals were purchased from Acros, Sigma-Aldrich, and TCI and were not purified before use. Toluene and THF were dried over by a solvent purification system. All reactions were performed under a nitrogen atmosphere and tracked by thin-layer chromatography. Products were purified by silica gel column chromatography (70--230 mesh, SiliCycle Inc.). ^1^H and ^13^C NMR spectra were measured on a Bruker (AC 300/AV 600 MHz) spectrometer in CDCl~3~. Absorption spectra were measured on a Thermo Scientific Evolution 60s UV--vis spectrophotometer. For the intrinsic property characterizations, i.e., emission, transient photoluminescence (TRPL), and PL quantum yield (QY), the samples were put in a homemade holder with a spectrometer (Horiba FluoroMax Plus) in a nitrogen-filled environment to avoid any chemical reaction. In the PL and PLQY measurements, the sample was recorded with a 305 nm xenon lamp as an excitation light source (power density: 8.7 × 10^--5^ W m^--2^). For film PLQY, an organic thin film (∼80 nm) was applied on the quartz substrate by using thermal evaporation. For the TRPL, the light source of nanosecond pulsed excitation (Horiba N-320; power density: 3.3 × 10^--5^ W m^--2^) was used for the transient measurement. The differential scanning calorimetry (DSC) measurements were performed on a PerkinElmer Pyris 1 DSC unit at a heating rate of 10 °C min^--1^ under nitrogen. Thermogravimetric analysis (TGA) was performed on a PerkinElmer Pyris 1 TGA instrument at a heating rate of 10 °C min^--1^ under nitrogen. Melting point measurements were carried out on an SRS OptiMelt MPA 100, and applied software was used to control the heating rate and determine the melting point. All redox measurements were executed in dichloromethane containing a 1 mM sample and 0.1 M supporting electrolyte \[tetrabutylammonium hexafluorophosphate (TBAPF~6~)\] and purged for 10 min with N~2~. The three-electrode system contained a glassy-carbon working electrode, a platinum counter electrode, and an Ag/AgCl reference electrode. The redox coupling of ferrocene/ferrocenium (Fc/Fc^+^) was used as an external standard, and the scan rate was 100 mV s^--1^. The oxidation potentials (*E*~ox~) were estimated averaging maximal anodic and cathodic peak potentials. Fc/Fc^+^ was converted to NHE by addition of 0.48 V. Energy gaps were calculated from the onset of the absorption band in toluene.

Device Fabrication and Characterization {#sec4.2}
---------------------------------------

In the device fabrication, the materials of 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile (HAT-CN), 4,4′-cyclohexylidenebis\[*N*,*N*-bis(4-methylphenyl)benzenamine\] (TAPC), 3,3′-di(9*H*-carbazol-9-yl)-1,1′-biphenyl (mCBP), bis\[2-(2-pyridinyl-*N*)phenyl-*C*\](acetylacetonato)iridium(III) (Ir(ppy)~2~(acac)), 2,4,5,6-tetra(9*H*-carbazol-9-yl)isophthalonitrile (4CzIPN), 2,4,6-tris(3-(1*H*-pyrazol-1-yl)phenyl)-1,3,5-triazine (3P-T2T), lithium fluoride (LiF), and aluminum (Al) were purchased from Shine Materials Technology Co., Ltd. Afterward, all organic materials were sublimated twice using a homemade vacuum purification system (∼8 × 10^--6^ torr). For the fabrication of OLEDs, the ITO substrates were cleaned with acetone and isopropyl alcohol in an ultrasonic bath and blowing nitrogen gas in ambient conditions. Then the ITO samples were transferred to a thermal evaporation system with a vacuum level of ∼5 × 10^--6^ torr to deposit the organic and metal layers. For the deposition process of the organic layer, all thin films were fixed at a constant rate of 1 Å s^--1^ where the total thickness was monitored by quartz crystal measurement. On the other hand, for the device characterization, the OLED's brightness--current density--voltage characteristics, emission spectrum, and external quantum efficiency were measured by a customized setup of an integrating sphere, which consisted of a connection of a spectrometer (Ocean Optics USB2000) and a source meter (Keithley 2400). The software Labview controlled all programs and data acquisitions.

Measurement of Charge Mobility of the Materials {#sec4.3}
-----------------------------------------------

To calculate the charge mobility of organic materials, we prepared the hole-only \[ITO/MoO~3~ (20 nm)/*p*-CbzBiz (100 nm)/MoO~3~ (20 nm)/Al (120 nm)\]- and electron-only \[Al (120 nm)/Cs~2~CO~3~ (1 nm)/*p*-CbzBiz (100 nm)/Cs~2~CO~3~ (1 nm)/Al (120 nm)\]-based devices for measuring the space charge limiting current. Then the electrical characteristics can be fitted by the well-known Mott--Gurney equation, as shown below. However, such a method was followed by previous work to determine the charge mobility of organic materials with a thin thickness less than 120 nm^[@ref34]^where *J* is the hole- or electron-only device's current density, ε is the relative permittivity of the active material, ε~0~ is the permittivity of vacuum, *V* is the applied voltage, and *d* is the thickness of the organic thin film.

Theoretical Calculation {#sec4.4}
-----------------------

All calculations were carried out in this study with the Gaussian 09 software. For these compounds, the geometric optimization calculations were performed by using the DFT-B3LYP method with the 6-31G\* method.

Synthetic Procedure and Characterization for *o-*CbzBiz, *m-*CbzBiz, and *p-*CbzBiz {#sec4.5}
-----------------------------------------------------------------------------------

Compounds *o*-CbzBiz, *m*-CbzBiz, and *p*-CbzBiz were synthesized by similar procedures. 9-(2-Bromophenyl)-9*H*-carbazole, 9-(3-bromophenyl)-9*H*-carbazole, and 9-(4-bromophenyl)-9*H*-carbazole were synthesized according to previous procedures. Only the preparation of *o*-CbzBiz will be described in detail.

### Synthesis of 9-(4′-(1-Phenyl-1*H*-benzo\[*d*\]imidazol-2-yl)-\[1,1′-biphenyl\]-2-yl)-9*H*-carbazole (*o-*CbzBiz) {#sec4.5.1}

In a nitrogen atmosphere, a mixture of 9-(2-bromophenyl)-9*H*-carbazole (0.500 g, 1.551 mmol) was dissolved in dry THF (5 mL) and cooled to −78 °C, and then *n*-BuLi (1.900 mL, 3.040 mmol, 1.6 M in hexanes) was added dropwise. After the addition, the solution was brought up to 0 °C, stirred for 30 min, and then cooled to −78 °C again. Triisopropyl borate (0.437 mg, 2.327 mmol) was added slowly, and then the reaction solution was brought back to room temperature and stirred overnight. The reaction solution was added with 1 M HCl solution and stirred for 1 h, and then the reaction was quenched by pouring the whole solution into distilled water and then extracted with ethyl acetate. The organic layer was dried over anhydrous MgSO~4~ and removed under reduced pressure. The crude product was mixed with Pd(PPh~3~)~4~ (90 mg, 0.140 mmol), 2-(4-bromophenyl)-1-phenyl-1*H*-benzo\[*d*\]imidazole (487 mg, 1.397 mmol), and 2 M K~2~CO~3~ solution (4 mL) that was dissolved in toluene/THF (2:1) and heated to reflux for 48 h. After that, the reaction was cooled down to room temperature, quenched with distilled water, and extracted with ethyl acetate. The organic layer was dried over anhydrous MgSO~4~ and removed under reduced pressure. The crude product was purified by column chromatography using ethyl acetate/hexanes (1:5 by volume) as the eluent to give *o*-CbzBiz as a pale yellow solid (601 mg, 84.2% yield). ^1^H NMR (600 MHz, CDCl~3~): δ (ppm) = 8.04 (d, *J* = 7.8 Hz, 2H), 7.79 (d, *J* = 7.8 Hz, 1H), 7.67 (d, *J* = 7.8 Hz, 1H), 7.60--7.55 (m, 2H), 7.51 (d, *J* = 7.8 Hz, 1H), 7.40--7.36 (m, 3H), 7.29--7.25 (m, 3H), 7.22--7.16 (m, 6H), 7.04--7.02 (m, 4H), 6.96 (d, *J* = 7.8 Hz, 2H). ^13^C NMR (75 MHz, CDCl~3~): δ (ppm) = 151.83, 142.97, 140.96, 139.78, 137.00, 136.70, 134.87, 131.38, 129.79, 129.72, 129.27, 129.13, 128.79, 128.66, 128.20, 127.66, 127.07, 125.67, 123.24, 123.12, 122.91, 120.09, 119.75, 119.55, 110.32, 109.86. *m*/*z*: \[M\]^+^ calcd for C~37~H~25~N~3~, 511.2048; found, 511.2049.

### Synthesis of 9-(4′-(1-Phenyl-1*H*-benzo\[*d*\]imidazol-2-yl)-\[1,1′-biphenyl\]-3-yl)-9*H*-carbazole (*m-*CbzBiz) {#sec4.5.2}

A pale yellow solid (551 mg, 77.1% yield). ^1^H NMR (600 MHz, CDCl~3~): δ (ppm) = 8.16 (d, *J* = 7.8 Hz, 2H), 7.91 (d, *J* = 7.8 Hz, 1H), 7.78 (s, 1H), 7.71--7.66 (m, 4H), 7.60 (d, *J* = 7.8 Hz, 2H), 7.57--7.52 (m, 3H), 7.49 (d, *J* = 7.2 Hz, 2H), 7.45--7.41 (m, 4H), 7.37--7.35 (m, 3H), 7.31--7.25 (m, 4H). ^13^C NMR (75 MHz, CDCl~3~): δ (ppm) = 151.85, 143.08, 142.10, 140.92, 138.36, 137.39, 137.05, 130.37, 129.98, 129.46, 128.71, 127.50, 126.96, 126.39, 126.09, 126.00, 125.73, 123.44, 123.08, 120.36, 120.01, 119.90, 110.46, 109.73. *m*/*z*: \[M\]^+^ calcd for C~37~H~25~N~3~, 511.2048; found, 511.2040.

### Synthesis of 9-(4′-(1-Phenyl-1*H*-benzo\[*d*\]imidazol-2-yl)-\[1,1′-biphenyl\]-4-yl)-9*H*-carbazole (*p-*CbzBiz) {#sec4.5.3}

A pale yellow solid (973 mg, 67.9% yield). ^1^H NMR (600 MHz, CDCl~3~): δ (ppm) = 8.16 (d, *J* = 7.8 Hz, 2H), 7.93 (d, *J* = 7.8 Hz, 1H), 7.82 (d, *J* = 8.4 Hz, 2H), 7.72 (d, *J* = 8.4 Hz, 2H), 7.66--7.64 (m, 4H), 7.58--7.51 (m, 3H), 7.46--7.36 (m, 7H), 7.31--7.27 (m, 4H). ^13^C NMR (75 MHz, CDCl~3~): δ (ppm) =151.81, 142.94, 140.94, 140.14, 139.76, 136.98, 136.68, 134.85, 131.36, 129.77, 129.70, 129.25, 129.12, 128.78, 128.63, 128.18, 127.64, 127.05, 125.65, 123.22, 123.10, 122.90, 120.07, 119.73, 119.53, 110.30, 109.84. *m*/*z*: \[M\]^+^ calcd for C~37~H~25~N~3~, 511.2048; found, 511.2050.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00967](https://pubs.acs.org/doi/10.1021/acsomega.0c00967?goto=supporting-info).Detail information including solvatochromic study on emission spectra, cyclic voltammograms, TGA thermograms, ^1^H, ^13^C NMR, and high-resolution mass spectra of the host materials ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00967/suppl_file/ao0c00967_si_001.pdf))
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